Novel molecularly imprinted polymer nanoparticles (nanoMIPs) were designed for endotoxin from Escherichia coli 0111:B4, using computational modeling. The screening process based on binding energy between endotoxin and each monomer was performed with 21 commonly used monomers, resulting in the selection of itaconic acid, methacrylic acid and acrylamide as functional monomers due to their strong binding interaction with the endotoxin template. The 
Introduction
Endotoxins also termed lipopolysaccharides (LPS) are found on the cell walls of most gram-negative bacteria and some cyanobacteria. The endotoxin structure is composed of three regions: the outer polysaccharide, the core oligosaccharide and the lipid A region. The biological active unit is the lipid A and is called the 'endotoxic principle" [1] [2] [3] . Endotoxins pose significant health risks to humans through intravenous and inhalation exposure. The biological activity of lipid A in humans and other species is potent and wide-ranging. Some of these health effects range from mild fever, respiratory, gastrointestinal disorders and sepsis [4, 5] . Serious reactions to LPS exposure from hemodialysis are well known and tightly regulated; in addition endotoxins in drinking water pose a potential concern [6] [7] [8] .
There is a need for novel affinity ligands that can demonstrate high affinity and selectivity towards endotoxin that can be used to enhance current endotoxin removal and detection techniques. The inherent expense and difficulty in raising antibodies towards endotoxin which require the use of animals [4, 9] and the neurotoxic effects of polymyxin B [10] [11] [12] has confirmed the need for the application of other technologies in the production of affinity ligands towards endotoxins. This provided an opportunity to design and synthesize molecularly imprinted polymers (MIPs) as artificial sensing ligands for endotoxin capture and detection.
In this work, MIP technology has been combined with a computational approach using a molecular modeling program to specifically design artificial receptors that target the conserved region of the endotoxin structure. The polysaccharide chain of the endotoxin can vary significantly within species of gram-negative bacteria, whereas the lipid A and inner core of the oligosaccharide chain display a more conserved region [13] . The molecular imprinting of 4 endotoxin is very difficult due to its large molecular weight (10,000 -20,000 Da) and its amphiphilic (both hydrophilic and hydrophobic) characteristic. Our solid phase approach allows the covalent attachment of the endotoxin to silica beads for molecular imprinting to occur. The molecular imprinting technique is based on a complex formed between the template and functional monomer(s) by self-assembly. Strong interactions between the functional monomers with the target allow producing MIPs with greater stability, which in turn improves the selectivity of the MIP cavity towards the target [14] . The composition of polymers was traditionally selected through literature or experimental trials, whereas the computational approach allows use of a virtual library containing the 21 most commonly used monomers. The selection of monomers is based on the strength of interactions with the template and simulated annealing is used to analyse the arrangement of monomers around the endotoxin template to determine the optimal MIP composition [15] .
The MIPs are synthesized using the solid phase synthesis procedure [16] [17] [18] . This involves covalent immobilization of the template on to glass bead supports to allow the formation of the MIP around the immobilized template and the process of separating low affinity and high affinity MIPs from the template easily and efficiently while preventing from template leaching. A key feature of this procedure is the ability to make post modifications without affecting the binding site. As MIPs are formed around the template the iniferter moieties are still present on the outer surface allowing functional groups to be grafted on to the surface of the MIPs without modifying the cavity. The combination of molecular modeling and solid phase synthesis allows rapid design and production of MIPs inexpensively; ready to be tested in a very short time. Recently, we have shown that nanoMIP-based optical sensor could be developed for endotoxin monitoring. This was achieved by using itaconic acid as the best monomer for MIP 5 synthesis and the affinity-based endotoxin assay could detect the endotoxins in the concentration range of 15.6-500 ng mL -1 with dissociation constants of 3.24-5.24×10 -8 M [19] . The surface plasmon resonance (SPR) is a highly sensitive label free optical sensor. The MIPs produced can be immobilized onto a gold SPR sensor coated in a self-assembled monolayer (SAM) through EDC/NHS coupling of the carboxyl on the sensor and primary amine groups on the MIPs [20] .
The interaction between the MIP and the analyte can then be measured to determine if the MIP can successfully detect and capture the target. In this study the endotoxin template was used to design and synthesis tailor-made nanoMIPs for the endotoxin. 
Materials and Methods

Reagents and chemicals
6
Endotoxins from Escherichia coli 0111:B4 purified by ion exchange chromatography, 1- 
Apparatus and equipment
Ceramic beads with glass beads were agitated by a Retsch AS200 shaker (Retsch Inc. 
Computer modeling for MIP design
The endotoxin structure as the template from Escherichia coli 0111:B4 was acquired from the human metabolome database (HMDB) and its 2D structure was transformed to 3D for minimization purposes. The molecule was then charged by the Gasteriger-Huckel method and the molecular mechanics was applied to minimize the structure using the Powell method. The minimization was run for 10,000 iterations or until the convergence gradient reached 0.001 kal mol -1 . The template was screened with the 21 most common monomers used in MIP synthesis.
The results were ranked from highest to lowest according to the binding energy obtained by the LEAPFROG TM algorithm. The selection was further narrowed down using the visualization tool to only select monomers that were interacting with the conserved region of the endotoxin. The full procedure is outlined in elsewhere [15, 19] .
Synthesis of MIP nanoparticles
A detailed explanation of the procedure is highlight in previous works [19, 21] . Glass beads with a diameter of 75 μm were silanized with a short linker APTMS to allow the endotoxin template to be immobilized using glutaraldehyde (Scheme 2). The polymerization mixture for endotoxin MIPs was adapted from [16] . Three alternative endotoxin MIPs designed based on molecular modelling results were produced using itaconic acid (2. used to dissolve the polymer mixture of IA-MIP whereas ACN was added to MA-MIP and AA-MIP compositions. As having too low computational score with very low molecular affinity, styrene was also used as a low score monomer to imprint endotoxin. N-(3-aminopropyl) methacrylamide was used as additional monomer to functionalize primary amine groups to the surface of the MIPs nanoparticles by exposing to UV for 30 seconds. Addition of amine group to the MIPs is critical since they need to be attached to MUDA coated sensor surface via covalent interaction during endotoxin detection assays. High affinity endotoxin nanoMIPs were obtained after three step polymerization [19] . Vancomycin MIP nanoparticles were produced as control MIPs using the same method with identical polymer composition and characterized.
Characterization of MIPs nanoparticles
The synthesized MIP nanoparticles were characterized by DLS to verify the size and quality of the production. The yield of each batch was also determined by evaporation. Since the synthesized MIPs were obtained in a solution, this solution was evaporated to leave the MIP in a dry format which was then weighed to determine the yield. A transmission electron microscope (TEM) was used for TEM images of the synthesized MIP nanoparticles. Concentrated solutions of MIPs were used by filtering 5 µl sample through a 1.2 µm glass fibre syringe filter and deposited on a silicon chip attached to a TEM holder, and left to dry overnight in a fume hood. A scanning electron microscope (SEM) image of the MIPs nanoparticles were also taken by scanning electron microscopy.
NanoMIP-based endotoxin sensor assays
Stock solutions of endotoxins were prepared in 1 mL HEPES buffer (10 mM, pH 7.0) with equimolar triethylamine. The sample was heated to 60 °C for 5 minutes and then vortexed 9 until a homogenous solution of endotoxins was obtained. Endotoxins were then functionalized with gold nanomaterials using a well-established method [16] to amplify SPR signal for the detection of trace amounts. All endotoxin concentrations tested were verified using the limulus amebocyte lysate (LAL) assay and the molecular weight for endotoxin used was 20,000 Da.
The affinity between the endotoxin and the synthesized MIPs was investigated using an SPR sensor. The running buffer and endotoxin analyte samples were prepared using HEPES buffer (10 mM, pH 7.0). The MIP nanoparticles were concentrated by evaporation to determine concentration by weight and then resuspended in 1 mL of MES buffer (10 mM, pH 6.0) before investigating the best immobilization conditions. The MUDA coated SPR-4 sensor chip was activated using 100 µl of EDC/NHS solution [20] prior to the covalent immobilization of MIP nanoparticles (600 µg mL -1 ) on the sensor spots. SPR-4 system has four separate sensing channels. Therefore, three alternative endotoxin MIPs were simultaneously immobilized and the fourth channel was used for the control MIP. A 100 µl ethanolamine (1 M) was added to block MIP free areas on the surfaces to prevent from non-specific binding during endotoxin detection assays. Endotoxin samples were injected (100 µl per sample) sequentially from lower to higher concentrations in the range of 0.2-200 ng mL -1 . Kinetic data has been analyzed and manipulated using SPR-4 software analyzer (Sierra Sensors, Germany). The dissociation constants were calculated from experimental data using the Sierra Sensors SPR analyser software. The parameters were set within the software to highlight the start and end of an analyte cycle and then the software compares the control results to calculate the K D values based on different analyte concentrations.
Results and Discussions
Computational design of nanoMIPs
The molecular modeling results obtained using the LEAPFROG TM algorithm are as shown in Table 1 . The functional monomers were selected according to their binding score and were reduced to just three monomers using the visualization technique. This technique aided in selection of monomers that bind to the conserved region of the endotoxin structure and monomers that competed for the same site were removed according to which had the highest score. There were instances of functional monomers with high binding scores interacting to areas of the endotoxin with no significance. These monomers were eliminated from the selection, as they would have produced non-specific MIPs [22] . This clearly demonstrates the cost effective approach of molecular modeling as it has already significantly reduced the number of unnecessary experiments that saves time and materials.
It is not possible to create non-imprinted polymers as controls using the solid phase technique, as material will not be retained in the absence of a template [23] . Therefore, vancomycin MIPs was used as controls as the functional monomers also displayed similar results towards the vancomycin template that are comparable to the endotoxin template ( Table 1) .
Itaconic acid (IA) and acrylamide (AA) had very similar scores for both endotoxin and 
Solid-phase MIP nanoparticle synthesis
The MIPs for endotoxin and vancomycin were synthesized using the solid-phase approach with UV photopolymerization. MIPs produced for endotoxin and vancomycin all had identical polymer composition. Three alternative MIPs were produced using three different monomers (IA, MA, AA) based on the computational simulation and all were then characterized using DLS, SEM and TEM techniques and tested for affinity using the SPR sensor. DLS characterization of the MIPs were performed after they were sonicated for 30 seconds to reduce aggregation before filtering using a glass fibre syringe (0.45 µm) for the removal of dust and large particles. Three batches of endotoxin MIPs were prepared for each monomer and overall results are displayed in Table 2 Table 2 ). The yield of each MIP production was also determined by evaporation. The maximum yield was obtained with IA based endotoxin MIP (14.7 mg) and this was followed by MA-MIP (11.5 mg) and AA-MIPs (10.6 mg). Low affinity endotoxin MIP imprinted with styrene as functional monomer gave a PDI higher than 0.6 which indicates unsuccessful imprinting with very high polydispersity and polymer fragments instead of obtaining a monodisperse, stabile and high quality MIP. The size of styrene based endotoxin MIP also showed a big variation (100-300 nm) and confirm the significance of the computational modelling results
Further characterization of the synthesized MIP nanoparticles was performed by TEM and SEM analysis (Fig. 2) which shows a single uniform particle resulting from the solid phase synthesis procedure used in this work.
Ultrasensitive endotoxin sensor assay
The surface plasmon resonance optical biosensor was successfully employed to determine the selectivity and affinity of the synthesized endotoxin MIPs for comparative studies.
SPR analysis was used to identify the lowest detection limit for the endotoxins to determine the sensing capabilities and its ability to retain the target for detection and removal purposes. Three alternative endotoxin MIPs, which were designed based on computational simulations, were investigated. Comparative analysis of MIPs for endotoxin detection by SPR sensor gave similar results with computational modelling. As being the best monomer with the highest binding score, IA produced higher signal in the sensor assays. A clear response difference was also recorded between second (MA) and third (AA) best monomer (Fig. 3A) . Moreover, free endotoxin (Fig. 3A) . The SPR sensorgram also show very little dissociation for the endotoxin samples in the concentration range of 1-200 ng mL -1 . This is promising for the capture and removal of endotoxin from an aqueous environment as the MIPs are capable of binding to its target.
The vancomycin MIP controls did not display significant binding to the endotoxin despite identical polymer composition (Fig. 3B) . The control MIP containing IA shows a non-specific binding of 16 RU for 25 ng mL -1 endotoxin concentration, which is almost a fifth of what is achieved by the endotoxin MIP containing IA. The MIPs produced using the functional monomers MA and AA show very low response (~ 1-2 RU). The success of endotoxin detection in terms of limit of detection and K D has significantly improved in this work compared to our previous work [19] due to the new method developed for endotoxin sample preparation with triethylamine.
The limit of detection was calculated for each endotoxin MIP: IA was capable of detecting 0.438 ± 0.023 ng mL -1 , MA 0.828 ± 0.044 ng mL -1 and AA 1.622 ± 0.087 ng mL -1 (Fig.   4) . The improvements were largely due to the preparation of the endotoxins with equimolar triethylamine as this would disaggregate the endotoxin into subunits and allow functionalization of the gold nanoparticles more effectively [24] . A ~40 times lower detection limit was achieved in this work with the new strategy which has a fundamental role to detect trace amounts of The MIPs clearly display a high affinity and sensitivity towards the endotoxins and the MIP surface could be completely regenerated by applying 20 mM NaOH. This demonstrates the ability of multiple uses (<30 times) of MIPs highlighting the stability of these polymers (Fig. 5) .
IA-MIP and MA-MIP have shown very consistent results during 30 regeneration, whereas AA-MIP lost its regeneration ability up to 70 % after cycle 12. This is also a confirmation of molecular modelling results which provided lowest binding score for AA-MIP among three alternative MIPs. Regeneration ability of MIPs is important feature to detect low concentration of a target several times without losing sensitivity and to efficiently retain the analyte to be considered an effective affinity ligand towards the endotoxin. Batch-to-batch variation of AuNP functionalized endotoxins was also evaluated in this work since it is vital to obtain a consistent 15 conjugation efficiency. For this, two different batches were compared and the deviation on the data was found less than 10% which highlights the success of the method developed with triethylamine ( Fig. 6) The use of triethylamine is an important addition to the endotoxin sample as the formation of smaller aggregates or monomer units is important for endotoxin bioactivity and the bioactivity is directly linked to the lipid A region of the endotoxin. The method provides a significant consistency on the conjugation while allowing the MIP to bind to the bioactive region. This cannot be achieved without the use of triethylamine because the endotoxin molecule tends to form large micelle structures due to its amphipathic characteristic that causes interference with gold nanoparticle solution; hence, also cause low affinity during the binding assays.
The gold standard affinity ligand Polymyxin B for the endotoxin has a K D 1.7 x 10 -7 M on the SPR determined by Thomas and Surolia [25] . As being the other alternative affinity ligand, aptamers have also been applied in biosensor-based endotoxin detection. A detection limit of 0.1 µg mL -1 was achieved with K D in nM range by employing a SPR sensor [26] whereas impedance-based electrochemical biosensor has provided LPS detection in the range of 0.001-1 ng mL -1 with similar affinity [27] . However, the designing and producing aptamers are much more difficult than nanoMIPs and requires significantly longer time. Design and synthesis of three endotoxin specific MIPs requires only two months in our work whereas it takes more than six months to develop one specific aptamer. Moreover, one batch of production has resulted in very high amount with our methodology to be used for long term testing of endotoxin.
The use of natural antibodies for endotoxin detection by employing biosensors is very limited and recent developments are mainly relying on Polymyxin B, aptamers and endotoxinneutralizing protein [28] . This can be due to the difficulties arising from agglomeration of endotoxin during the bioassays as well as lack of the required specificity and affinity of the antibodies. In the current work, agglomeration problem was successfully solved using our novel trimethylamine method which can also be coupled with other affinity ligand based endotoxin detection; thus, enable the extensive usage of natural antibodies and biosensors in the area. In comparison the K D for the endotoxin MIPs (5.24 x 10 -10 M) display an improved performance according to the kinetic data analysis. The endotoxin detection techniques with biosensors have been recently reviewed [13] and our recent work has highlighted the superiority over these investigations.
Conclusions
Selective molecularly imprinted polymers for endotoxins were designed, synthesized and 6 . Batch-to-batch variation of AuNP functionalized endotoxin assays using triethylamine method. Tables   Table 1. Functional monomers selected through the computational modelling and screening process for the endotoxin and vancomycin MIP ranked from highest to lowest energy ranking. 
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